TECHNICAL NOTES 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



No. 338 



PROPELLER DESIGN 

A SIMPLE METHOD FOR DETERMINING THE STRENGTH OF PROPELLERS - IV 

By Fred E. Weick 
Langley Memorial Aeronautical Laboratory 



Washington 
June, 1926 



REPRODUCED BV 



.k,£IL ONAL TECHNICAL I 
INFORMATION SERVICE 1 

SPRINGFIELD, VA. 22161 | 



NOTICE 



THIS DOCUMENT HAS BEEN REPRODUCED 
FROM THE BEST COPY FURNISHED US BY 
THE SPONSORING AGENCY. ALTHOUGH IT 
IS RECOGNIZED THAT CERTAIN PORTIONS 
ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE 
AS MUCH INFORMATION AS POSSIBLE. 



".VxTICI'^L ADVISORY OChRITTEE FOR AERONAUTICS . 
TSCrlMICL FCFE IX. £23- 
PROPELLER DESIGN. 

a se:?le ::st?cd for dztee: tee strength of propellers - it. 

Ey Fred. E - T7eic>. 
Surma ry 

The object of tnis report, the last of a series of fair on 
propeller design, is tc describe a simple method for determin- 
ing whether the strength of a propeller of a standard form is 
sufficient for safe operation. An approximate method of stress 
analysis is also given. 

Introduction 

After a propeller has been designed to meet certain aero- 
dynamic requirements it is often desired to know whether it 
has sufficient strength fo safe operation. The accurate stress 
analysis of a propeller is a. complex and laborious process, and 
the approximate methods used in routine desire work are neces- 
sarily inaccurate. 

In this report a simple relation is fjiven for determining 
whether any propeller of standard Kavy form is sufficiently 
strong for its particular operating requirements. The method 
used can he adapted to any family of propellers of one general 
form. 

i 
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Approximate Stress Analysis 

Three rein types of forces act on propeller blades: 
1. Centrifugal forces, 
3. Aerodynaric forces. 
3- Gyroscopic forces. 
The actual stresr.es are of a very comolicatcd nature, but 
in routine cesign work on standard propellers only the two 
most important need be considered: 

1. Uniform tensile stress cue to centrifugal forces. 

2. Llaximun tensile stress caused by bending due to 

the lift of the airfoil. 

The stresses due to centrifugal force will be considered 
first. The centrifugal force acting on any riven particle in 
the propeller is represented by the equation C. F. = ^ 40 s r, 

o 

where 7/ is the weight of the particle, g is the accelera- 
tion due to gravity, u> is the angular velocity in radians per 
second, and r is the distance of the particle from the center 
of rotation. If N equals the revolutions per minute, the an- 
gular velocity u> becomes -~— and the conation takes the 

tC 

form of C.F. x ^ (~£r-^ . 

g V So / 

The propeller is divided into stations usually spaced ei- 
ther 6 in. or 15 per cent R (tip radius) apart along the radius. 
Considering sections 1 in. in radial length at each station, 
the -/eight 77. of each section becomes 7/ = Aw, where A is 
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the cross sectional area of the section in square inches and w 
is tlx doneity of the material in pounds per cubic inch. The 
centrifugal force of a section is ,given by 

g " " g ' 60 / 
and the total centrifugal force at any station will te 
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In practice this integration is performed graphically. The cen- 
trifugal force d ('^; F -) is calculated for each section and 
plotted against the radius of the station, and a curve is dra-,vn 
through the points (Fig. l) . Then the total centrifugal force 
at each station -all be represented by the area under the curve 
from the tip radius of the propeller to the radius of the sta- 
tion. The tensile stress in each section is obtained by divid- 
ing the total centrifugal force for the station by the area of 
the section, or S t = ^M"— - 

The above computations for all of the stations of a croc oi- 
ler are conveniently arranged in fable I. The stations, blade 
widths b, and the upper and lower cambers h-j and hj^, arc 
obtained from the propeller layout or der-isn. The areas of the 
various sections arc then computed by means of the formula 
A 0.74 b h, •-'here h is the total maximum camber of the 
section. This is an approximate formula rhich is correct within 
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practical limits for the R.A.F. 6 (modified) airfoil section 
used in propeller work. 

The following is a calculation of the tensile stress due 
to 0 . F . for the 3-foot station of the propeller given in Table 

T 

N - 1750 

i- = 56 in. = 3 ft. 

b - 7.65 in. 

ho - .57 

H - o 

1. A = .74 b h 

= .74 x 7.65 ( .57 + 0) 

= o * 2 3 so - in • 

2. Ar - 5.23 x 36 - 1116.4 in. 3 

^ d. ( CF. )_ » w /JULIET - a- x .103 /3tt x 17 50^ 

15 " dr ~ g V 60 " / " A " * 32T2 V "60 > 

= 103 Ar = 108 x 116.4 - 13,580 lb. per in. radius. 
4. S t = Sili- = i|*p2 (olanimetered) = 4140 lb./sq.in. 

In bending, the propeller acts as a cantilever beam. The 
load on the beam is taken as the lift of the airfoil only, no 
other aerodynamic forces being considered. The load, then, is 
proportional to P C L AV 3 , where p is the density of the air 
in mass units (which may be taken as .00237), Oj, is the abso- 
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lute lift coefficient of the airfoil. A is the airfoil area, and 

V is the velocity relative to the air. The blade is divided into 
1-foot units. 

The lift per foot of radius is [riven by L = — ° L 0 b ^ -^1- 3 
v;here b is the blade width in feet, and V r is the velocity 
of the biac,e section rith respect to the air in feet per second, 
or (Y r ) 2 - (7') 2 + • V* is the velocity of the plane 

in feet per second plus an empirical inflow factor, or 

V I - V (1 + 2 S), 'There S is the slip. 

The lift per unit radius L, is calculated for each sta- 
tion and plotted against the radius of the station in the same 
manner as for centrifugal force This gives a load curve for 

the proooller as shorn in Pig. 2. The shear at any point is viven 

R 

by the equation F s = / L &r, which is the area under the load 

r 

curve and is found graphically- The values of F s at each sta- 
tion are then plotted in like manner, rivinf a shear curve (Fig- 3 

R 

The bending moment at any point is 1.: = / S dr, which is the 
area under the shear curve. The maximum tensile stress at 

Kyt 

each station is then calculated by moans of the relation Sj. = -y^ 
rhere I is the least moment of inertia of the section and y^ 
is the distance from the neutral axis to the outermost fiber on 
the \7orkinp: face- The neutral axis for the least moment of iner- 
tia runs through the e.g. of the section and is assumed pr rail el 
to the cord of the airfoil. This is not strictly true but leads 
to very slight errors. The positions cf the c.p.'s of single and 
double cambered R.A.F.6 (modified) airfoils are si* own in Fi;> S. 
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The least moment of inertia I is ^iven approximately by 



I = .0^72 b h 3 for a single cantered section, and 

I = .0472 fc (h 3 L T + h 3 L ) + .113 b hy h L (hy + h L ) 

for a double cambered section. 

The calculations of 3^ due to bonding are shorni for all 
of the stations of the propeller in the second part of Table I. 
For the 3-foot station the calculations in detail are as fol- 
lows: 



1. 


yt 


- .416 h = .416 x .57 = 


.237 in. 


3. 


i 


= .0473 b h 3 - .0472 X 7 


» co ^ * 57 


5 . 


x 

yt 


.237 




4. 


31 rK 


2l"T ^ .0 ^ 1 I-O TTT."/^ -^4- 


- / s e c . 



2 

5. - 550 2 - 303,500. 

3. V =- 153.5 (1 + | S) - 132.5 x 1.064 = 162-4 ft. /sec. 
7. (7 r ) 2 = (V) 2 + ( 2 eo rI ^ = 36,370 + 303,500 = 533,000. 

3. b (ft.) - ^T#^ = - 557 

9. Cl = -510 (from design data). 

10 . L per ft. = PC 1 b = - 076 X - 510 * .657 x 

2 32.2 x 3 

X 523,960 = 126.5 lb. 

11# St - = 3550 ( f *™ P- ;ra ^ h) - 8500 lb./sq.in. 
I • 26 o 
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The total stress for the section is the sum of the centrif- 
ugal r tress and bending: stress, or, 

Total S t - S t (rent.) + % (bend.) = 4180 + 8300 = 13,440 it 

s q . i 

Vfnen the fact that the blades distort to some extent in 
practice is added to the original complex nature of the stresses 
it will readily be seen that no c;reat decree of accuracy can be 
expected ^rom this analysis. It does, however, five comparative 
figures. If a propeller which is known to have sufficient 
strength for safe operation is analysed for stresses, and the 
calculated stresses of similar propellers do not exceed the 
maximum calculated value of stress for the proven propeller ? 
they may also be considered safe for trial flights. Since the 
stresses in georaet rioally similar propellers operating at "-.he 
same V/nD vary in a certain definite manner, i.e. , as the 
square of the tip speed, it is only necessary to keep below a 
p red etc mined tip speed to keep the stresses below a certain 
value- Tncn the AR and CR are varied, however, different 
values of the tip speed are required to produce the same stress. 

An Equation for Determining Relative Strength. 

It was known from experience that a 10-foot oak propeller 
of Iott pitch having an AR cf 6 and a CR of 1, could be 
safely operated on an airplane which had an E.P-I1. of 17 50 at 
maximum horizontal speed. Since the stresses are lower for pro- 
pellers of higher pitch all other factors remaining constant, 
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the above case was taken as a conservative standard "by v:hich 
zo jud^e the strength of other propellers. The stress was cal- 
culated for the case of the 10-foot propeller of AR = 6 and 
CR = 1 by means of the system given in this report- Assuming 
that the propeller turned 1750 R.P.M. at the maximum horizontal 
speed of the airplane, the highest stress found was 3368 lb./ 
sq.in. 

To find c relation between CR, AR, and tip speed (which 
may be taken as a constant tines ND) for a constant value of 
stress, calculations were made for several standard propellers 
having different values of AR and OR. The value of ED was 
then found at which the stress of 3268 lb. /sq.in. was obtained 
in each case. The results were plotted as shown in Figs. 4 
and 5. Considering the curves as straight lines the following 
very simple equation can be derived: 

CR - .0002 ND + .3 AR - 4.3. 

This is called the " Constant Stress Formula 11 for if the 
CR is of the correct value to Just equal the right-hand side 
of the equation, the maximum stress will be constant for all 
standard Navy oak propellers. If the CR is larger than nec- 
essary, the stresses will be lower; but if the CR is smaller 
than that indicated as necessary by the formula, the stresses 
will be higher than the safe standard. 

It sometimes happens that with a particular combination 
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of engine, airplane, and propeller, vibrations occur rrhich may 
cause the propeller to fail even though calculations indicate 
that the ?.treng-th is sufficient. This can usually be foretold 
in a v/ocden propeller by excessive flutter. 

Oonclus ions 

Ouinr to the fact that even tbe most complete and pains- 
taking propeller stress analyses are inaccurate because of dis- 
tortion and ncn-unif omity of material in wooden ' propellers , a 
simple relation such as the ore described in this note is con- 
sidered a satisfactory strength check for propellers of similar 
form* Its simplicity and ease of application make it a useful 
tool in the hands of a propeller designer. 
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Tabic I. 

Stress Ga 1 cula t i one 
for 10 ft. Duralumin Propeller- 

:.:.P.H. = 104 R.P.II. = 17 50 S - .128 

Centrifugal. 



d(CF. ) . Ar w 
dr * g 


v / Snirf - 
V 6 0/ 


Ar x - 103 x 
32.2 


/2tt x 
V 6C 


17 50\ S _ 
/ 


108 Ar 


• 


Radius, in. 


54 


48 


42 


36 


30 


24 


18 


12 


Radius , ft . 


4.5 


4.C 


5.5 


3.0 


2.5 


2.0 


1.5 


1.0 




3.33 


5.23 


6.70 


7.65 


C . Ud 


O • Jid 


< . /c 


b. 7 5 


Y upper 
lower 




. 35 


.45 


. 57 


. c3 


. 54 


1.01 
.08 


1.19 
.79 


Area, sq.in. 


. 567 


1.35 


2.23 


3.23 


& OA 


4. 99 


6.27 


9.89 


A r, in. 3 


30.6 


64. P 


93.6 


116.4 


121 . 3 


119.7 


113.0 


118.6 


d (C.F.,) 
dr 


3305 


70C0 


10110 


12580 


15100 


12930 


' 12200 


13800 


C.F. lb. 


340 

i 


346C 

i 


7 640 


13380 


19650 


26000 


33300 


38800 


S + -%I>lb./sa.in. 
A 


1482 


I 

2560 


3425 


4140 


4860 


5310 


5150 


3830 
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Stress Calculat iona 
for 1C ft. DuralT.ur.in Propeller. 

=•• 104- E.F.il. - 1750 S = .126 

Bending 





V = 


1.064 


y. 1.457 x V = 


152-4 ft. /sec. 






yt 


.036 


. 146 


.137 


.237 


.383 

i 


.350 


. 470 


.960 


i 


• 00133 


. 0106 


.0333 


.0670 


i • 1190 

1 
l 


.235 


. 455 


2 . 101 


i/yt 


* <Ti s_/ 


.073 


.154 


.333 


] - 42:0 


. 643 


9.53 


3 . 19 


60 




1 

1 


o43 


r~ r— r\ 

550 


| 4,8 


567 


27 5 


133 


v so ; 


6G0600 


537300 


413300 


302500 


; j 
•£09C0C ! 1347 00 

: i 


75630 


33490 


(v r f 


307000 


5637 00 


438600 


328900 


1 


1 131100 


93030 


53390 


b, ft. 


.373 


. 436 


• 358 


. 537 




. 663 


. 648 


. 594 


C-l abs- 


.4-50 


.470 


. 4-90 


• 510 


l 


. 630 


.760 


.340 


L, lb. /ft. 


104. 7 


135. 9 


144 . 3 


126.5 


106. L~ 


80.4 


53 . 7 


3 o • 4- 


Shear, lb. 


31 . 0 

j 


93 . 6 


161.6 


324.0 


231.4 


350. 6 


363.6 


590.9 


11, in. lb- 


96 


480 


1170 


2350 


«- ..j o 


5690 


7760 


13090 


lb . ,/sq • in. 


) 4-300 


6580 


7 600 


8300 


9100 


; ooO 


8020 


4600 


Total Stress 


S-l (cent.) 


14-83 i 

! 


3560 


5435 


4140 


i 

4360 j 


5210 


5150 


3930 


S t (bend.) 


4800' 
I 


6580 


7 500 


8300 


9100 


8850 


8020 


4600 


S t (total) 


6233 i 
i 


914-0 


11025 


12440 


13960 


14060 


13170 


3520 
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Fig. 2 
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Fig,. 3 
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1.0 1.1 1.2 

OR = Camber ratio 

Variation of CR v-'ith ND for constant stress 



1.3 

AR 



1.4 




.at ion 



AR = Aspect ratio 

AR with ND for constant stress. CR = 1 
Iff 
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«-Max . c amb e r = 1.0 



Leading j l^f 
edge ' — 1 
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Blade width "(b) 



Fig. 6 




Station 


LEB- 


.025 


.05 


.1 


9 . 


.a 


..,.•4 .<• 


;• . 3'* 


.6 


.V*7 


.8 


.9 




Ordinate 


.10 


.41 


.59 


. 79 


.95 


.998 


.99 


" . -<5 


.87 


.74 


.56 


.35 


.077 



Navy standard blade section. R.A.F.No.6 modified, flat face. 




Double carreer 

Area of upper section = .74 bh-j 
" lorer " = .74 bh L 

. UShrjX. 74bhrj». 4-l<3h T x . 74bhr 

; 74biiTj+.74"bh£ ~ = -; 4 1 6 ( h L ) 



Fig. 6 e.g. and area of sections. 



